A one-dimensional mathematical model of the steam-water two-phase injector is presented. This model offers a method of estimating critical conditions of steam at the site of the motive nozzle throat, based on the local sound velocity in that area. Fluid thermal properties were based on a real fluid approach, where the CoolProp database was used. A different method was adopted to formulate governing equations for all passages of the injector based on the principles of the conservation of mass, momentum, and energy. The pressure profiles of the injector at different inlet steam pressure and inlet water pressure were used to validate the proposed model; they agreed well, with a maximum relative rate of error within 9.5 . Based on the validated model, the influence of different area ratios and coefficients of the diverse sections on the performance of an injector used in district heating was investigated. The main inlet parameters -steam pressure and water pressure -were within the range of 0.20 0.60 MPa and 0.14 0.49 MPa. The exergy destruction rate for every steam-water injector
Introduction
Injector and ejector, are important devices used in many industrial applications, because they are simple, without moving parts and do not need an external energy supply system [1,2]. Generally, recovering energy and boosting pressure are the main purposes of their application. For an ejector, usually both the primary flow and secondary flow are steam or vapor. For an injector, the primary flow is usually steam or vapor, while the secondary flow is liquid. The injector is also referred to as the jet pump in many applications. Furthermore, there exists a profound difference between the ejector and injector. For example, the entrainment ratio of the ejector is generally less than 1 [1,3], while the entrainment ratio for the injector is much greater than 1 [4] .
Moreover, the exit pressure of an ejector is lower than the primary flow pressure [1] , while the exit pressure of an injector can be higher than the primary flow pressure [2] .
The physical process inside the ejector and injector is also substantially different. Inside the ejector, a shock wave train occurs from the nozzle exit to the mixing chamber, and its structure, such as the shock wave length and expansion angle, affects the ejector's performance [5] [6] [7] . With the injector, especially the widely utilized steam-water injector, there is direct contact condensation between the steam and water, and a condensation shock occurs within the mixing chamber [2] . Moreover, the steam-water interface plays an important role for heat, mass and momentum exchange [8] . The steam jet may also transit from being stable to divergent and it exhibits diverse patterns [9] . Regarding the history of ejectors and its current applications and development, the readers may refer to review papers written by Elbel Since it has significant heat exchange abilities, it is presently being investigated for utilization as a passive cooling system for light water reactors [2] .
To further enhance the understanding of its physical process and performance, a substantial amount of studies are based on zero or one dimensional ejector modelling performed a 1D analysis regarding ejector performance by assuming double-choking before mixing both the primary and secondary flow, which was widely employed in later research. Zhu et al. [17] proposed a 2D expression for velocity distribution, so as to approximate the viscosity flow on the cross section of the ejector, by introducing a ''shock circle'' at the entrance of the constant area mixing chamber. In all of the above modelling, the irreversible loss is usually taken by selecting isentropic coefficients for the primary flow nozzle, secondary flow nozzle, and the diffuser, with typical values ranging from 0. 8 Since the condensation primarily occurs inside the mixing chamber, numerous models have been proposed to take this phenomena into consideration. Deberne et al. Moreover, the injector can be utilized in district heating systems, because of its compact size and no need for external energy. Since the injector can be used as a pump in district heating systems driven with high pressure steam to replace conventional electric-driven pumps, it is a viable alternative for reducing electricity cost. Yan et al.
[4] experimented on the performance of a steam-driven jet injector with a high inlet water temperature (maximum 341.15 K) for a district-heating system and analyzed the effect of the inlet steam pressure, inlet water pressure and temperature on injector performance. They ascertained that the lifting-pressure coefficient was significantly affected by the nozzle throat area of the mixing chamber. However, no other geometric parameters were discussed; neither was an exergy analysis performed.
First, a one-dimensional mathematical model of the steam-water two-phase injector was developed, in which an iterative calculation of the speed of sound at the throat of the steam nozzle was conducted to determine the pressure at the nozzle throat, and hence, the steam mass flow rate. Then the nozzle exit pressure was computed, based on the fluid state at the nozzle throat. The mixing chamber was treated with a lump method, so as to simplify the model. Moreover, the irreversible losses inside the injector were also considered. Second, the model was validated with experimental data from Yan et al. [4] . Thirdly, based on the validated model, the influences regarding the different area ratios on injector performance used in district heating systems from Yan's paper were thoroughly investigated. Finally, exergy destruction rates were also computed for each component of the injector, and the exergy efficiency was obtained at different area ratios and pressures. Real fluid was adopted in the modelling protocol. In this context, the main objectives of this contribution are to (i) propose and validate a simplified model for a steam-water injector, which provides a superior method to calculate the steam Page 8 of 33 nozzle exit pressure, (ii) optimize the geometric parameters of an injector used for district heating, which will be beneficial toward improving its performance, (iii) perform an exergy analysis of the injector and calculate its exergy efficiency under various inlet conditions and area ratios, so as to supplement an understanding of the injector. Due to the temperature and velocity difference, the transportation of heat, mass and momentum occur between the steam and water at the mixing chamber, resulting in a pressure increase and velocity decrease. The steam is gradually condensed and becomes completely subcooled water at the end of the mixing section after the shock wave. Once at the diffuser the water's kinetic energy is partially converted into a further pressure increase.
Modelling of injector
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There are three diverse operational modes for an ejector: critical mode, subcritical mode and backflow mode. The entrainment ratio is defined as the mass flow ratio between the secondary flow and primary flow, varying with back pressure (or condenser pressure), as depicted in Fig. 2 . The three operational modes also exist for an injector. A model for the steam-liquid injector can be established by using the following assumptions:
1. The injector operates at critical model. The flow inside the injector is a steady, homogenous and one dimensional flow.
2. At the nozzle throat, the flow reaches the critical flow condition, which means that the sound velocity is reached there.
3. The isentropic efficiency of the converging and diverging sections of motive nozzle, and are given.
4. The inlet steam is superheated and the inlet flow velocity is neglected for both steam and water.
5. The heat transfer between the fluid and wall is neglected.
6. The gravitational force effect on the flow is neglected.
Motive nozzle
At the motive nozzle the steam is taken as a real fluid, the intermolecular interactions are considered, and the ideal-gas equation is viewed as not applicable. The computational formula of steam is derived from IAPWS-IF97 and it reaches sonic velocity. it becomes wet before it reaches the throat, which often occurs in practical application of ejectors. Wet steam is two-phase medium, for which "sound velocity" is dispersive and can be described by several different models. Software such as CoolProp, does not return a value in this two-phase region. In such case, the method proposed here can still be applied but the user should be warned that the velocity C, as well as other properties, should be custom-calculated from suitably defined state equations.
For a given throat area , the steam mass flow rate can be calculated based on mass conservation equation:
While the flow density at the nozzle throat is calculated as follows:
The mass and energy equations of the divergent section of motive nozzle are:
The isentropic efficiency is assumed to be equal to .
By assuming a value for the pressure , density that was calculated from
Eq.
was then compared to the density calculated from Eq. , while the exit pressure, , is updated until the iteration provided a reasonable agreement.
Suction nozzle
In this paper the secondary flow is liquid, and the exit pressures of steam nozzle and water nozzle were assumed to be equal.
Here, depicts the pressure loss coefficient within water nozzle and is empirically determined as ( ) [21] . According to the overall condition of the suction nozzle, the exit velocity and enthalpy can be obtained by using Eqs. (13) and (14).
Mixing chamber
The mixing chamber is a converging chamber, whereby the steam jet is directly 
Diffuser
In the diffuser, the kinetic energy of the mixing stream will then be converted into a static pressure increase.
where is the head loss which is given [35] .
where represents the pressure recovery coefficient.
P 3th depicts the pressure of the diffuser outlet for cases where there is no loss.
The energy balance is laid out for the entire injector [32].
Moreover, density 3 , is determined from pressure p 3 and enthalpy h 3 . The entire computation protocol for the injector is detailed in Fig. 3 . In this way the calculation of the steam nozzle was altered, and calculation of the speed of sound at the steam nozzle throat is performed. Furthermore, the nozzle exit pressure has been more precisely predicted than with previously reported methods. The formulation approach for ejector modelling used by Zhao et al.
[32] were adopted to simplify the injector computation, which is quite useful and reliable for practical engineering applications.
Both steam and water were treated as real fluids and CoolProp [36] was employed to compute their physical properties at various stated points or stages.
Results and discussions
The experimental data published by Yan et 
Model prediction: entrainment ratio
In the paper of Yan et al. [4] , the jet coefficient used was the value of the inlet water mass flux vs. the inlet steam mass flux. The jet coefficient can also be referred to as the entrainment ratio, which is the ratio of the mass flux of secondary flow -water vs. the mass flux of primary flow -steam, most often used by most researchers. The entrainment ratio is also an important index to measure the overall performance of the ejector and injector.
In the study from Yan et al.
[4], they only studied how the jet coefficient (entrainment ratio) varied with inlet water and steam pressure, but they did not examine how it changed with area ratios. This paper investigated the influence of area ratio A4/A7 on the entrainment ratio. Fig. 6 illustrates the relationships between the entrainment ratio and area ratio from the predicted values according to the present model.
The entrainment ratio decreased with the increase of area ratio A4/A7. This is because, along with the increase of area ratio A4/A7 there was a slight increase of the inlet steam mass flux and a much higher decrease of inlet water mass flux, as demonstrated in Fig. 7 . efficiency. It can also be seen that 1 has a more significant influence on the mass entrainment ratio than 2 . When 1 increases from 0.75 to 0.95, the mass entrainment ratio drops from 19.1 to 15.07.
Fig. 8. Calculated entrainment ratio with coefficient of isentropic efficiency
However, in contrast, when 2 varies from 0.75 to 0.95, the mass entrainment ratio only increases from 15.55 to 15.98. Thus, 1 has an influence on both steam flux and water flux. Moreover, when 1 increases, the steam flux will increase, and the exit pressure of the motive nozzle also increases rapidly, which causes the increase of the water nozzle exit pressure. Since these two pressures were assumed to be equal; accordingly, the exit velocity of the suction nozzle decreased sharply and the water flux dropped, which resulted in a lower mass entrainment ratio and a higher compression ratio. The outlet pressure of the motive nozzle and suction nozzle was slightly reduced when 2 increased, which led to a slight increase of exit velocities for both the motive nozzle and suction nozzle. Thus, the entrainment ratio reflects a limited increase;
however, the compression ratio shows a more substantial increase than the entrainment ratio, because there is a square relationship that exists between mass flux and velocity.
Figs. 9 and 10 demonstrate the relationships between the entrainment ratio and loss coefficients of the suction nozzle and mixing chamber, respectively. The velocity of the suction nozzle rises when the loss coefficient increases, which correlates to a larger flow rate under a constant area and an increase in the mass entrainment ratio. The increase of the loss coefficient inside the mixing chamber will increase the injector outlet pressure (Fig. 10) . which is the ratio of injector discharge pressure vs. the steam inlet pressure. However, the compression ratio is more often used by most researchers, which is the ratio of the injector discharge pressure vs. the water inlet pressure, which is another important index to measure the injector's performance. The influences of inlet steam and water pressure on the compression ratio are presented in Fig. 11 . The compression ratio increased in conjunction with the escalation of inlet steam pressure, but decreased along with the expansion of the inlet water pressure, because the increase of the inlet water pressure was much faster than that of the outlet water pressure. Fig. 11 clearly shows that the compression ratio increased much more rapidly under a lower inlet water pressure and a higher inlet steam pressure.
Model prediction: Influences of area ratio on injector performance
The geometry of the injector has a significant influence on the performance of the injector, especially with regard to the area around the throat of the motive steam nozzle, the throat of the mixing chamber and the outlet of the diffuser. In order to simplify the analysis, A7 is constant, thus, A4 is always considered as a variable. The pressure of the injector is shown in Fig. 12 under different area ratios.
As can be ascertained from Fig. 12 , the pressure of the injector increases under the increase of area ratio A4/A7, because the pressure is boosted mainly within the mixing chamber where the shock wave occurs. Moreover, the change of A4 will alter the velocity outlet of the steam nozzle; hence, affecting the mixing process. However, the process occurs inside the diffuser; thus, it cannot be transferred to the upstream and has no influence on pressures from the nozzle inlet to the mixing chamber outlet. Because the change is relatively small in A7, it exhibits almost no influence on the diffuser outlet pressure. The steam exergy:
The water exergy:
The outlet exergy:
Exergy destruction rates for each component are outlined in Table 4 , and the detailed derivations of these equations may be retrieved from Lawrence and Elbel [31]
and Yan et al. [30] . The ambient temperature T 0 utilized in this study is 298.15 K. Table 5 shows the exergy destruction rates of each component, while primary irreversibility occurs in the steam nozzle (41.34%) and mixing chamber (57.95%). This is because of the flow experience phase change, great velocity, and temperature change in these particular sections. Moreover, the mixing between these two flows facilitates friction loss within the mixing chamber. The exergy efficiency of the steam-water injector was calculated as:
The results are shown in Figs. 13 and 14. The exergy efficiency increased with the enlargement of area ratio A4 /A7, and decreased with the entrainment ratio. The results presented in Fig. 14 indicate that the efficiency is the highest for low entrainment ratio values, and the efficiency varied from 50% to 37% when the mass entrainment ratio ranged from 9.6 to 30. 
Conclusion
A steam-liquid injector model was developed, which adopted a different approach than existing models, so as to more precisely predict the motive nozzle exit pressure.
The pressures inside the injector, while under different inlet steam and water pressures, were used to validate and confirm the model. The pressure of the diffuser exit varied from 0.438 MPa to 1.04 MPa, with inlet steam pressure from 0.2 MPa to 0.6 MPa and inlet water pressure from 0.14 MPa to 0.49 MPa, respectively. The calculation thoroughly and appropriately agrees with the experiment data, revealing a maximum relative error rate within 9.5%. This mathematical model was then utilized to adequately predict the performance of the steam-water injector by optimizing its geometry.
Moreover, the exergy analysis was carried out, and the following conclusions were obtained:
(1) The compression ratio increases in proportion with the increase of inlet steam pressure, and decreases with the increase of inlet water pressure.
(2) The pressure of the injector increases precipitously under the increase of area ratio A4/A7.
(3) The isentropic efficiencies of the converging section and diverging section of the motive nozzle affect the entrainment ratio and compression ratio in a diverse manner. The increase of the former leads to the increase in the compression ratio and a decrease of the entrainment ratio, while the latter leads to the slight increase of both the compression and entrainment ratios. 
